A B S T R A C T Rats maintained on a high-fat diet supplemented with propylthiouracil develop a hypercholesterolemia, an increased serum level of apolipoprotein (apo) E, abnormal very low density lipoproteins (VLDL) and low density lipoproteins (LDL), and a fatty liver which contains cholesterol ester as its major lipid. The fatty liver secretes apoE into a recirculating perfusate at a significantly higher rate and produces cholesterol ester-rich, apoC-deficient VLDL with slower electrophoretic mobility than the triacylglycerol-rich VLDL produced by perfused normal livers. LDL 
INTRODUCTION
Primary familial dysbetalipoproteinemia (Type III hyperlipoproteinemia, broad-beta disease) is characterized by the presence ofvery low density lipoproteins (VLDL)' showing 8-mobility on electrophoresis, containing abnormally high amounts of both cholesterol and apolipoprotein (apo) E (arginine-rich protein), and a decreased proportion of apoC (1, 2) . Based on these properties and a number of metabolic studies, it has been suggested that the abnormal VLDL found in familial dysbetalipoproteinemia represents an accumulation of remnants of VLDL and chylomicron catabolism which have not been efficiently removed (2) (3) (4) (5) (6) .
The presence of similar 83-migrating VLDL (B-VLDL) having a high cholesterol and apoE content and little or no apoC can be detected in the sera of a variety of animal species fed a high-cholesterol diet, especially if hypothyroidism is induced simultaneously. A lipoprotein fraction having a hydrated density in the low density lipoprotein (LDL) range with an apoprotein composition-resembling high density lipoprotein (HDL) (HDLC) is also found (7) (8) (9) (10) (11) (12) . It has been suggested that, like the abnormal lipoproteins ofhuman dysbetalipoproteinemia, the 8-migrating lipoproteins found in the hypercholesterolemic serum of animals represent VLDL remnants (8, 13) , although the amount of apoE in these lipoproteins may be too great to be derived solely from the catabolism of VLDL (9) .
We have recently observed that VLDL isolated from perfusates of livers taken from hypercholesterolemic rats exhibit some of the immunological properties of the abnormal circulating VLDL, including a relative deficiency of apoC (14) . This observation may make it possible to determine directly whether the abnormal VLDL and LDL found in the serum of hypercholesterolemic rats are synthesized and secreted by the liver. The results to be reported here indicate that at least a portion of the abnormal lipoproteins found in the hypercholesterolemic rat serum are secreted directly by the liver.
METHODS
Experimental animals. Male hooded rats weighing 300-350 g were maintained on a Purina Chow (Ralston Purina Co., St. Louis, Mo.) or a high-fat diet which included 40% butter fat, 5% cholesterol, 0.2% choline chloride, 0.1% sodium cholate, and 0.3% propylthiouracil (Thrombogenic diet; ICN Nutritional Biochemicals, Cleveland, Ohio). Rats placed on the high-fat diet for periods of up to 6 wk maintained but did not gain weight. These animals developed grossly fatty livers. The rats were anaesthetised with Nembutal (Abbott Laboratories, North Chicago, Ill.) before cannulation of the portal vein. For the studies of the effect of diets on serum lipids, blood samples were obtained by cardiac puncture.
Liver perfusions. Livers from normal and hypercholesterolemic rats were perfused by a modification (15) of the technique of Miller et al. (16) using a silastic tubing lung (17) . The perfusate consisted of Krebs-Ringer bicarbonate buffer, pH 7.4, which contained 0.1% glucose. Fresh human erythrocytes, washed four times, were suspended in the perfusate to give a hematocrit of 25%. Replacement of human erythrocytes by rat erythrocytes did not alter the rate of secretion ofthe lipoproteins. The liver was flushed with -30 ml of perfusate in situ immediately after cannulation, then transferred to the perfusion apparatus after which 100 ACi [4,5-3H] leucine (New England Nuclear, Montreal, Quebec) was added to 40 ml ofperfusate recirculating at a rate of-1 ml/g liver per min. A perfusate of similar composition was used at a flow rate of 10 ml/min during 2-h nonrecirculating perfusions. Bile flow averaged 40 ,l/g liver per h from the control liver and 9 ,l/dg per h from the fatty liver. Despite this difference in bile flow, the total cholesterol secreted in the bile by the two types of livers was not very different (2.8 and 2.4 ug/g liver per h for control and hypercholesterolemic livers, respectively) as a result of the higher concentration of cholesterol in the bile of the fatty livers.
Analysis of lipoproteins. Lipoproteins were isolated from the liver perfusates or serum by ultracentrifugation in a Beckman L5-50 preparative ultracentrifuge (Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.) with an SW 41 rotor using a modification of the method of Havel et al. (18) . Sequential addition of solid NaBr (19) was used to obtain the following densities: VLDL, <1.006 g/ml; LDL, 1.006-1.087 g/ml; HDL, 1.087-1.21 g/ml. Each lipoprotein fraction was washed once with a solution of the appropriate density which contained 0.01% EDTA, and then dialyzed against saline that contained 0.01% EDTA and 0.02% NaN3. The electrophoretic mobilities of the isolated lipoproteins were determined by a modification of the procedure of Noble (20) using a 0.8% agarose gel which contained 0.5% bovine serum albumin (21) . Perfusate lipoproteins were also separated on a 2.5 x 140-cm Bio-Gel A-0.Sm agarose (Bio-Rad Laboratories, Richmond, Calif.) column (22) by elution with a 0.9% NaCl, 0.01% EDTA, 0.02% NaN3 buffer (pH 7.3) at a rate of 20 ml/h. Each column was recalibrated with isolated lipoproteins, and the elution pattern was checked with rat serum. 90-110% of the applied apoE was recovered in the column eluates. When isolated serum VLDL was applied to the column, apoE was recovered in the void volume, with only negligible quantities appearing in the eluates from the remainder of the column. The perfusates were concentrated threefold by dialysis against Aquacide 11-A (CalbiochemBehring Corp., American Hoechst Corp, Calif. ) before being applied to the column. The concentration procedure had no effect on the distribution of the lipoproteins or their apoproteins.
Isolated lipoproteins were delipidated twice in ethanolether 3:1 (23) at -100C and solubilized in Tris-glycine buffer, pH 8.9, which contained 7 M urea and 1% solium dodecyl sulfate. The apoproteins were separated by electrophoresis on polyacrylamide gel for 4-5 h (24), and the gel bands vere identified by comparison with the migration ofpurified rat apoproteins (14) . In some experiments the electrophoresis was run for 25-30 h in 250-mm tubes to further separate closely migrating bands. Radioactivity associated with apoproteins was counted after oxidation of the stained gel bands (25) .
Analytical procedures. ApoE was determined by a modification (12) ofthe immunoelectrophoretic procedure of Laurell (26) in which 0.1% Triton X-100 (Rohm and Haas Co., Philadelphia, Pa.) and 1% bovine serum albumin were added to each aliquot being assayed. Triton X-100 was also added to the gel and the buffers. The interassay and intraassay variations were <3% at all concentrations when carried out within 3 d. The electroimmunoassay was validated by delipidating rat VLDL and dissolving the apoproteins in 4 M guanidine hydrochloride. The apoproteins were then separated on a BioGel A 1.5-M column (12) , and the protein content of the purified apoE was measured directly by dye binding (27) . These measurements agreed within 10% with the apoE level obtained by direct electroimmunoassay of the intact VLDL. Hepatic and serum lipids were extracted by the method of Folch et al. (28) , and the isolated perfusate lipoproteins were extracted by the ethanol-ether mixture used for delipidation. The lipids were separated on thin-layer chromatography with silica gel G and a solvent system of petroleum ether, diethyl ether, and acetic acid, 90:10:1 (vol/vol). The phospholipids were eluted from the silicic acid plates with chloroform-methanol 2:1 and the neutral lipids with chloroform. Phospholipids were digested with perchloric acid, and the liberated inorganic phosphate was measured by the method of Fiske and SubbaRow (29) . Triacylglycerols were determined according to Van Handel (30) and cholesterol by the method of Zlatkis et al. (31) . Perfusate triacylglycerol lipase was assayed by the procedure of Nilsson-Ehle and Schotz (32) . Protein was measured by the method of Lowry et al. (33) . DNA was extracted from 1 g of liver and determined by the diphenylamine reaction (34, 35) .
RESULTS
Rats maintained for 6 wk on the high-fat diet employed in these experiments developed a hyperlipemia, especially hypercholesterolemia, and an increase in serum level of apoE (12, 36) . Before commencing liver perfusions, the degree and persistence ofthese changes in sera of postabsorptive (7-h-fasted) animals were determined. The data are shown in Fig. 1 . The cholesterol ester level rose rapidly during the first 20 d of the high-fat diet, then stabilized, whereas free cholesterol, although somewhat elevated, did not rise further until about the 30 d. The level of apoE rapidly became elevated and continued to increase during the ensuing period. Upon restoration of the normal diet the free and esterified cholesterol levels fell, but that of apoE remained high for at least 1 wk. Electrophoresis of the serum lipoproteins on agarose gels revealed the presence of B-VLDL 6 d after the high-fat diet had been replaced by Purina Chow (similar to line 4 in Fig. 3 ).
The liver accumulated large quantities of cholesterol esters during the first 4 wk of the hyperlipemiainducing diet. The cholesterol ester level then remained elevated, even after cessation of the highfat diet. Smaller increments of free cholesterol and triacylglycerols, and a transient increase in phospholipids was also observed (not shown in Fig. 1 ). The persistence of the cholesterol ester-loaded fatty liver, B-VLDL, and the elevated serum level ofapoE, suggest that livers from hypercholesterolemic rats could reflect their in vivo status when perfused in vitro with an artificial lipid-free medium.
The pattern of secretion of apoE by perfused livers from normal and hypercholesterolemic animals is shown in Fig. 2 rates introduced by the fatty state of the livers of the hypercholesteolemic animals ( Fig. 1 and Table II ). The initial release of preformed lipoproteins by the perfused livers, calculated from the intercepts of the linear portions of the slopes illustrated in Fig. 2 , is shown in Table I . In the perfusates of livers from the hypercholesterolemic rats the initial release represents -30% ofthe total apoE collected in 4 h, but is negligible in perfusates of normal livers. To restrict the studies to lipoproteins actively secreted by the livers, the perfusates were routinely replaced after the first 15 min in all subsequent experiments, resulting in initial releases which were close to zero. However, the significant difference between the rates of secretion of apoE by livers from control and hypercholesterolemic rats persisted. In some experiments, the lipid composition and electrophoretic pattern ofthe apoproteins ofVLDL released during the first 15 min were compared with those seen after the additional 4-h perfusion. No significant differences could be detected (data not shown).
The electrophoretic mobility in agarose gel ofthe isolated perfusate lipoproteins is shown in Fig. 3 . The migration ofthe VLDL secreted by the liver from hypercholesterolemic rats is retarded compared with that secreted by the normal liver, although it still has pre-,p-mobility. The liver from the hypercholesterolemic rat also secretes LDL of p-mobility which is virtually absent in control perfusates. No evidence could be found for the presence of cathodal-migrating Lp-X in the perfusates when the total lipoproteins or isolated LDL were submitted to electrophoresis in agar gels (38) .
The protein and lipid content ofthe ultracentrifugally isolated lipoproteins secreted by the perfused livers is shown in Table II Each figure is the mean of the number of experiments indicated in parenthesis +SEM.
* Calculated from the intercept of the linear portion of the time-course during perfusion (Fig. 2) .
t After 15 min of perfusion, the perfusate was discarded, and fresh perfusate was recirculated for an additional 4 h.
Secretion of Cholesterol-Rich Lipoproteins by Perfused Liver Fig. 4 . The VLDL secreted by the livers of hypercholesterolemic animals contains two distinct bands in the apoE region of the gel which can be readily separated by the use of longer gels (Fig. 4B) . The two bands, eluted separately by electrodialysis (39) , reacted with goat anti-rat apoE serum on immunodiffusion. Neither band reacted with anti-rat albumin, anti-apoA-1, anti-apoB, or anti-apoC, nor did their mobility correspond to apoA-1 when separated by isoelectric focussing. These observations do not rule FIGuRE 3 Electrophoresis in agarose of serum and perfusate lipoproteins. (1) Normal rat serum; (2) VLDL secreted by perfused liver from normal animals; (3) VLDL secreted by perfused liver from hypercholesterolemic rats; (4) serum from hypercholesterolemic rats; (5) LDL secreted by perfused liver from hypercholesterolemic rats; (6) LDL isolated from the serum of hypercholesterolemic rats. Gels depicted in 3A and 3B were run at different times so that the mobility of the lipoproteins on the two gels are not directly comparable. Lane 1 contains undiluted serum, lane 4 serum diluted 1:1 with saline. Lanes 3 and 4 contain equal amounts of isolated VLDL (as determined by nephelometry). Lane 5 has =50% of the LDL of lane 6 . The bands in lane 1, from the origin are LDL, VLDL, and HDL, as determined by isolated lipoproteins. The somewhat decreased mobility of normal liver perfusate VLDL when compared with serum VLDL has previously been reported (48) . out the possibility that the lower band contains an as yet unidentified additional apoprotein(s). However, the separation of rat apoE into two bands by polyacrylamide gel electrophoresis in urea has previously been noted (40) . In contrast to the normal VLDL, that secreted by rat livers taken from hypercholesterolemic animals appears to be almost devoid of apoC. Whereas LDL secreted by both types of livers apparently contain apoB at the top of the running gel, LDL from livers of hypercholesterolemic animals also contain the double band in the apoE region.
To determine if the abnormal VLDL and LDL secreted by livers from hypercholesterolemic rats were synthesized de novo, [3H]leucine was added to the perfusate. The distribution of the radioactive precursor among the major apoproteins of VLDL secreted by the two types of liver, shown in Table IV , reflects the differences in the apoprotein patterns after separation on polyacrylamide gel electrophoresis (Fig. 4) . The relative incorporation of [3H]leucine into apoB and the upper band of apoE was similar, but the VLDL secreted by livers from hypercholesterolemic animals showed a markedly increased percentage of radioactivity in the lower apoE band, whereas incorporation into the apoC bands was very much diminished. Similarly LDL secreted by the livers from the hypercholesterolemic animals showed [3H]leucine incorporation in apoB and in the two bands of the apoE region, the lower having the greater radioactivity. The negligible incorporation into the rapidly migrating apoC bands of the LDL confirms their virtual absence from the polyacrylamide gels (Fig. 4) .
Although these data indicate that livers from the hypercholesterolemic rats directly. secrete abnormal lipoproteins into the perfusate, their possible formation during recirculation through the fatty liver was considered. Therefore, livers from normal and hypercholesterolemic rats were perfused in a nonrecirculating system. Typical experiments, shown in Table V, indicate that, as is the case in the recirculating system, the normal liver largely secretes triacylglycerolrich VLDL. The small amount of material found in the Fig. 4 and The possibility that cholesterol ester-rich VLDL or LDL was formed by the action ofa triaL-ylglycerol lipase released into the perfusate by livers from hypercholesterolemic rats was also considered. Although a lipase was detected in both normal and experimental liver perfusates, its activity was far too low to account for the formation of the cholesterol ester-rich VLDL Each figure is the mean of four perfusions each of 4-h duration. Radioactivities apply to the gels ranged from 2,000 to 40,000 cpm, with recoveries of 70-110%. The data are representative of two experiments with each type of liver. Both experiments gave similar patterns. The livers were perfused for 2 h, after discarding the perfusate used during the initial 15 min. The collected perfusate lipoproteins were then isolated. In one set of experiments the livers were perfused for only 1 h before the lipoproteins were isolated. A pattern similar to that shown above was obtained.
and LDL from normal VLDL. However, the detection of slight perfusate lipase activity makes it impossible to rule out the formation of some cholesterol ester-rich LDL from the corresponding VLDL, which already is triacylglycerol poor. Nevertheless, cholesterol ester-rich LDL, which have an apoprotein electrophoresis pattern similar to LDL secreted by the fatty livers (Fig. 4) can be isolated from hepatic Golgi apparatus of the hypercholesterolemic rats.2 The distribution of electroimmunoassayable apoE among the various ultracentrifugally isolated perfusate lipoproteins is shown in Table VI . In contrast with the normal perfused livers, those from the hypercholesterolemic rats secreted a significant portion ofthe apoE in the d: 1.006-to 1.087-g/ml fraction. Division of the apoE between the HDL and d > 1.21-g/ml fractions was quite variable, the latter having at least 45 and 65% of the total apoE in the experimental and control perfusates, respectively. These high levels may be, to a large extent, artifactual, being derived primarily from HDL during ultracentrifugation (43) .
To overcome this problem, the distribution of the apoE among the perfusate lipoproteins and the d > 1.21-g/ml infranatant fraction was determined after separation by filtration on agarose columns, thereby avoiding ultracentrifugation. Various eluates were pooled according to the peaks illustrated in Fig. 5 . The distribution of apoE among the resulting fractions is also shown in the figure. It (HDL), and, surprisingly, V. The latter also contained some hemoglobin (because of slight hemolysis during the perfusion), which has a molecular weight of similar magnitude to apoE. However, among lipoproteins secreted by livers from hypercholesterolemic rats, most of the apoE was found' in fraction I with relatively small percentages associated with the lower molecular-weight (<70,000) fractions (III-V).
DISCUSSION
These data indicate that the rat liver can synthesize and secrete lipoproteins having many of the characteristics of both the circulating B-VLDL of hypercholesterolemic animals (9-12) and the broad-beta lipoproteins of human dysbetalipoproteinemia (1, 44) . These include VLDL having increased cholesterol ester and decreased triacylglycerol levels and diminished apoC-II and apoC-III content. The VLDL secreted by the fatty livers consistently have slower mobility than the control VLDL on agarose gel electrophoresis, although not sufficiently retarded to show ,8-mobility. However, the difference in mobility is similar to that reported by Mjos et al. (13) after catabolism of triacylglycerol-rich lipoproteins in supradiaphragmatic rats and to the two types of VLDL found in some normolipemic subjects (21) .
In addition to cholesterol ester-rich VLDL the liver from hypercholesterolemic rats secretes a cholesterol ester-rich LDL which contains a significant quantity of apoE. However normal livers, in agreement with earlier studies (42, 45) , secrete virtually no LDL. The secretion of cholesterol ester-rich lipoproteins of d < 1.06 g/ml by perfused livers from cholesterol-fed rats has been noted by Swell and Law (46) The livers secreting the abnormal infiltrated with lipid, 80% of which is c Apparently, the secretion of some of th apoE. The association of apoE with metabolism has been noted in humans (47) (12, 36) . In the absence of a * .
cholesterol load, much of the apoE is secreted by the perfused liver as HDL (42) , especially when LCAT is inhibited (48) . It now appears that the normal liver also secretes a considerable portion of apoE in a virtually delipidated form. The proportion of apoE in fraction V of Fig. 5 (<45,000 mol wt) is greatly diminished in the perfusate of livers from hypercholesterolemic rats (although the absolute quantity is not decreased as much because of the higher secretion rate of the livers from hypercholesterolemic rats), lending credence to the concept that the density fraction in which apoE is found depends upon the amount wm6 -of cholesterol to be secreted (12) . The association of so 90 100 the apoE with the larger cholesterol-carrying lipoproteins may occur in nascent VLDL or in the circulation. 7oteins by agarose Weisgraber et al. (47) noted that after intravenous adtrated in the figure ministration of iodinated HDL, apoE was recovered ite of a liver from in HDL of normolipemic rats, but in the B-VLDL, mg of protein was LDL, and HDLC of hypercholesterolemic rats. The of distribution is movement of apoE among lipoprotein fractions may type of liver. The also be reflected by the exchange between VLDL and ercholesterolemic; HDL of an apoprotein having the mobility of apoE on polyacrylamide gel electrophoresis (24) .
In addition to redistribution of the apoE to the is not a result of cholesterol-carrying lipoproteins, this apoprotein is ation of the per-secreted at a more rapid rate by livers from hyperr pattern is seen cholesterolemic animals. If it is assumed that the insystem, nor by creased rate of synthesis of apoE by the perfused liver rich VLDL by is representative ofthe 6-wk period of the high-fat diet, it can be calculated that 10-15 d would be required
Illeucine among for the level of apoE in sera of hypercholesterolemic DL secreted by rats to reach that found in vivo in 6 wk. This suggests ts parallels their that the total catabolic rate is also increased. The poDphoresis. Thus, tential of the perfused control liver to maintain the sterol ester-rich normal serum level of 20 mg/dl ( Fig. 1) can be esrcholesterolemic timated. We have noted an average liver weight of 13 g inthesis and not for 340-g rats. Assuming a plasma volume of 4.5% of .tabolism.
body weight at the secretion rate of 12 ,tg/g per h lipoproteins are (Table I ) the entire plasma apoE content can be oholesterol ester. secreted in 20 h. Because the half-life of apoE in the iis lipid involves rat has been estimated between 9.5 and 11 h (49, 50), cholesterol ester it is apparent that the secretion rate of the perfused s (1) and animals normal liver is adequate to maintain the circulating ter-rich lipopro-apoE levels. This would be necessary because the inicreased rate of testine secretes virtually no apoE (51) . y livers suggest The origin of the lipoproteins released by the the transport of livers from the hypercholesterolemic rats during the is not dependent first 15 min of perfusion is obscure. Most of it is not a erfusate or, pre-result of lipoproteins in contaminating serum or in extracellular fluid in equilibrium with the circulation, a various density such as in the space of Disse. However, some material 
